Reasons why chromosomal rearrangements spread to fixation and frequently distinguish 35 related taxa remain poorly understood. We used cytological descriptions of karyotype to 36 identify large pericentric inversions between species of Estrildid finches (family 37 Estrildidae) and a time--dated phylogeny to assess the genomic, geographic, and 38 phylogenetic context of karyotype evolution in this group. Inversions between finch species 39 fixed at an average rate of one every 2.26 My. Inversions were twice as likely to fix on the 40 sex chromosomes compared to the autosomes, possibly a result of their repeat density, and 41 inversion fixation rate for all chromosomes scales with range size. Alternative mutagenic 42 input explanations are not supported, as the number of inversions on a chromosome does 43 not correlate with its length or map size. Inversions have fixed 3.3× faster in three 44 continental clades than in two island chain clades, and fixation rate correlates with both 45 range size and the number of sympatric species pairs. These results point to adaptation as 46 the dominant mechanism driving fixation and suggest a role for gene flow in karyotype 47 divergence. A review shows that the rapid karyotype evolution observed in the Estrildid 48 finches appears to be more general across birds, and by implication other understudied 49 taxa. 50 51
4 and the deme where the rearrangement originated (Lande 1979; 1985; Hedrick 1981; 81 Walsh 1982; Spirito 1998) . In contrast to the spread of an underdominant rearrangement, 82 if a rearrangement is inherently deleterious its fixation probability within a species should 83 decrease with population size and only realistically occur when population sizes are small 84 (Kimura 1962; Ohta 1972; Whitlock et al. 2004 ). 85
Chromosome rearrangements may also become established entirely by positive 86 selection. In this case, a rearrangement can spread to fixation if (1) its breakpoints 87 favorably alter gene expression (Wesley and Eanes 1994) , (2) it increases linkage between 88 epistatically interacting sets of genes (Dobzhansky 1951) , (3) it increases linkage between 89 locally adapted alleles within a population experiencing gene flow from a divergently 90 adapted population (Charlesworth and Charlesworth 1979; Kirkpatrick and Barton 2006; 91 Feder et al. 2011) . In this scenario, gene flow plays a creative role in karyotype evolution 92 because of the selective advantage in keeping locally adapted alleles together. Adaptive 93 models include those external to the individual, as implied in the mechanisms described 94 above, as well as those resulting from genomic conflicts. For example, meiotic drive may 95 favor the spread of a rearrangement if it is associated with a set of interacting alleles that 96 together affect segregation distortion (White 1978; King 1993) . Whenever adaptive 97 mechanisms operate, the fixation rate of a novel rearrangement should increase with 98 population size, as the process is mutation--limited. Here, we evaluate fixation rates of large 99 chromosomal inversions in a family of birds, and consider the possible roles of population 100 size and gene flow. 101
Birds have long been used as models of speciation and are perhaps the best--studied 102 group with respect to how behavior and ecology contribute to population divergence (Price 5 2008; Grant and Grant 2011) but little attention has been given to the possible role of 104 chromosome rearrangements in bird speciation (Price 2008; Ellegren 2013 ). This may be 105 because avian genomes are often considered to be highly conserved, and inter--106 chromosomal rearrangements such as fusions, fissions, and translocations between species 107 appear to be rare (Takagi and Sasaki 1974 two species that last shared a common ancestor 30 Ma (divergence date inferred from 124 Price et al. 2014) . From this, we estimate a fixation rate as fast as one every 0.5 My along 125 the lineage leading to the zebra finch.
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Typically a fifth of avian chromosomes are large in size (macro--chromosomes 160--127 60 Mb) and easily distinguishable cytogenetically. The remaining chromosomes are smaller 128 (micro--chromosomes <40 Mb) and the smallest of which are often indistinguishable using 129 standard cytological approaches (Masabanda et al. 2004; Ellegren 2013) . Here, we examine 130 the fixation of large cytologically detectable inversions across 32 species of Estrildid 131 finches (order Passeriformes). We use published cytological analyses of the Estrildids, 132 which have identified inversion differences between species and polymorphisms within 133 species (Prasad & Patnaik 1977; Christidis 1983; 1986a; 1986b; 1987; Itoh & Arnold 2005) . 134 2N is either 76 or 78 for all Estrildid finches examined except one (the red--winged pytilia, 135
Pytilia phoenicoptera, 2N = 56). Seven pairs including the Z can be considered macro--136 chromosomes and the remaining pairs micro--chromosomes. The Z chromosome is the 4 th 137 largest while the W is typically 8 th in size. The degree of karyotype similarity between 138 species varies considerably and some genera appear to have more labile karyotypes than 139 others (Christidis 1986a; 1986b) . A preliminary analysis using a phylogeny for a subset of 140 the karyotyped Estrildid species estimated that the fixation of cytologically detectable 141 chromosomal inversions occurred every 2.7 My along a lineage (Price 2008, pp. 386--388) . 142
We expand on this analysis using a time--dated tree to ask how variation in the rate of 143 inversion fixation differs among chromosomes and is associated with demographic and 144 geographic differences between species. 145 146
Methods

147
The family Estrildidae contains approximately 140 species distributed across the Old World 148 tropics and southern hemisphere temperate zone (Goodwin 1982; Sorenson et al. 2004 ).
7
The Estrildid finches originated in Africa (Sorenson et al. 2004; Sorenson pers. comm.) and 150 their subsequent dispersion and diversification across the Old World have produced 7 151 discrete radiations that vary extensively in the average population size and degree of 152 sympatry between member species (Goodwin 1982) . 153
154
IDENTIFYING INVERSIONS 155
We use the data of Christidis (1983; 1986a; 1986b; 1987) supplemented by others (Hirschi 156 et al. 1972 ; Ray--Chaudhuri 1976; Ray--Chaudhuri 1976; Prasad and Patnaik 1977) who 157 describe gross karyotype structure (Tables S1 and S2). These authors used Giemsa staining 158 and C--and G--banding techniques to document large inversions, both pericentric (those 159 encompassing the centromere) and paracentric (not encompassing the centromere). 160
Sample size varied across species (maximum of 20 individuals for Bathilda ruficauda and 161 just one for three species) with an average of 5.7 karyotyped individuals per taxon (Table  162   S1 ). 163
We converted centromere position and banding pattern for the 6 autosomal macro--164 chromosomes, the 5 largest autosomal micro--chromosomes, and both sex chromosomes 165 into character state data for each species (Table S2) . Using published figures, we identified 166 homologous chromosomes between species by chromosome--diagnostic banding patterns 167 and scored them for approximate centromere position (i.e., whether they were 168 metacentric, sub--metacentric, sub--telocentric, or telocentric), following the naming 169 conventions established by Levan et al. (1964) . We treated chromosome conformations as 170 distinct when species shared the same general classification (e.g., both were sub--171 metacentric) but the author of the paper noted that the banding pattern flanking the 8 centromere differed. We identified pericentric inversions between taxa from changes in 173 both the location of the centromere and the orientation of the banding pattern immediately 174 flanking the centromere. We identified paracentric inversions by re--orientation of banding 175 pattern alone. However, as we detected only three paracentric inversions in our dataset 176 and this is likely to be a significant underestimate of their true diversity (Kawakami et (Table S2 ). We did not 185 include them in our analyses because we are only interested in the drivers of inversion (Table S3 ). We dated the tree using the divergence time 196 between the families Estrildidae and Ploceidae inferred from the multiple fossil--calibrated 197 passerine tree of Price et al. (2014) , setting a uniform prior of 17.5--22.1 Ma, based on the 198 95% confidence limits from the posterior distribution of that tree. Phylogenetic analyses 199 were conducted using BEAST v1.8.0 (Drummond and Rambaut 2007) . Data from the 200 mitochondrial loci cytb (1143bp), ND2 (1041bp), and ND6+control region (1100bp) were 201 partitioned by locus, each with its own uncorrelated lognormal relaxed clock, and GTR + Γ 202 + I model of sequence evolution (estimated to be the optimal model for each locus using 203 Jmodeltest v0.1.1; Posada 2008). Algorithms were run for 50 million generations and 204 sampled every 5,000 for a total of 10,000 trees of which the first 1,000 were discarded as 205 burn in. We assessed run length and appropriate sampling for each parameter using Tracer 206 v1.5 (Rambaut and Drummond 2007). using TreeAnnotator v1.7.2 (Drummond and 207 Rambaut 2007), we extracted the maximum clade credibility tree, with associated 208 confidence intervals for median node heights. 209 210
INVERSION FIXATION ANALYSES 211
We estimated the ancestral centromere position (up to 4 possible states: metacentric, sub--212 metacentric, sub--telocentric, or telocentric) for each chromosome at each node in the tree 213 using the Bayesian approach in SIMMAP v1.5 (Bollback 2006). To account for phylogenetic 214 uncertainty, we simulated over 1,000 randomly drawn trees from the BEAST output post 215 burn in. We obtained the posterior probability estimate for each ancestral centromere 216 position for each chromosome at every node. Inversions were inferred to have occurred 217 upon branches where the karyotype of an internal node differed from subsequent nodes or We used ancestral karyotype estimates to calculate the total number of inferred 223 inversions that have occurred on each chromosome separately. Here, we had to exclude 224 three chromosomes from a single species (Pytilia phoenicoptera) that have fused and thus 225 precluded identification of chromosome homology (Table S2; In order to examine the influence of demography and geography on the rate of 256 fixation of inversions, we assigned 27 of the 32 Estrildid finches that have cytological data 257 into 5 clades comprising distinct geographic radiations with complete posterior probability 258 support ( Figure 1 , Table 1 , and Figures S1--S5). We focus on clades as they represent 259 distinct monophyletic groupings at a deep timeline. Five species were not assigned to any 260 clade because they were either the only species with cytological data belonging to an 261 independent geographic radiation or were singleton species that did not group with other 262 Estrildid species in their region. For example, the black--and--white mannakin (Spermestes 263 bicolor) is the single species with cytological data belonging to a clade that radiated after 12 re--colonizing Africa from Asia, precluding an assessment of inversion evolution within this 265 interesting group. M. Sorenson (pers. comm.) provided information on the total number and 266 identity of Estrildid species within each clade (i.e. including species without cytological 267 data), based on unpublished phylogenetic results for the Estrildidae (Table 1 ). The total 268 number of inversions fixed in each clade was summed across chromosomes. We estimated 269 the fixation rate for the clade as the total number of inversions divided by the total branch 270 length connecting all karyotyped species within the clade. We also estimated the 271 pericentric inversion fixation rate, hereafter referred to as the inversion fixation rate, as 272 the total number of pericentric inversions divided by the number of nodes, as a measure of 273 the minimum number of speciation events. This may scale with the number of 274 opportunities for secondary contact between partially reproductively isolated forms 275 between which gene flow may promote the spread of an inversion (Kirkpatrick and Barton 276 2006) . 277
To assess the relative influences of demography and geography, we extracted 278 species' range sizes and pairwise range overlaps from natureserve.org using the programs 279 Sp and PBSmapping in R (R Core Team 2014; Tables S4 and S5 ). We first scored the 280 influence of region (continental vs. island taxa) for each clade as the proportion of species 281 whose ranges were predominately continental. Species were scored as continental or 282 island depending on where the majority of their range lay (Tables 2 and S4 ). Of the 90 283 species considered within our 5 clades, only 3 had ranges that were between 25--75% 284 continental (Table S4 ). Classifying these species alternately as continental or as island did 285 not alter the results in any way. 286 13 Across the Estrildidae, range size varies by over 3 orders of magnitude from the red--287 billed firefinch (Lagonosticta senegala), the most widely distributed species (1x10 7 km 2 ), to 288 the red--headed parrotfinch (Erythrura cyaneovirens), the most narrowly distributed 289 species (3000 km 2 , Table S4 ). We use range size as a proxy for population size and assigned 290 a range size score to each clade based on the average range size of all species within it. 291
Range size generally correlates with nucleotide diversity within species, which in turn is 292 correlated with effective population size (Nevo et al. 1984 We define the range overlap of species A with species B as the proportion of species 302
A's range that is shared with B. Species pairs within clades were scored as sympatric if 303 their average range overlap was greater than 15% (Table S5 ). Each clade was assigned a 304 sympatry score as the proportion of all possible species pairs that were sympatric. Scoring 305 species' distributions as sympatric with an average of 10% or 3% range overlap did not 306 qualitatively change the results for the impact of sympatry on inversion fixation rate. 307
For each factor (region, range size, and range overlap), we calculated the correlation 308 with inversion fixation rate using clade as the replicate. By studying at the clade level (N = 14 5), we eliminate possibilities for pseudoreplication as far as possible, but the tests are 310 conservative. We fit a multiple linear regression model using fixation rate as the response 311 variable to determine the extent to which variation in karyotype evolution between 312
Estrildid finch clades is affected by demographic and geographic differences. We focus on 313 the rate of inversion fixation (number of inversions / total clade branch length connecting 314 karyotyped species) but also consider number of inversions as a function of the total 315 number of nodes in a clade. Neither of the two alternative methods of defining inversion 316 fixation rate correlates with total branch length (both p > 0.1). 317 318
Results
319
The time--calibrated phylogeny for those Estrildid finches with cytological data is presented 320 in Figure 1 pytilias, and waxbills -clade D -and maximum of 86% in the grassfinches -clade A, Table  325 1). 326
The average rate of pericentric inversion fixation across all 32 karyotyped species is 327 one inversion fixed every 2.26 million years (199 My total tree branch length / 88 inferred 328 inversions). The rate varies considerably among clades (Table 1) The two sex chromosomes have fixed inversions at a rate on average twice as fast as 342 the autosomes (two sample t--tests, using the autosomes as replicates: Z chromosome: t10 = 343 7.1, p < 0.01; W chromosome: t10 = 5.0, p <0.01). The only significant difference between 344 the autosomes and the Z with regard to the parameters we examined is that the Z 345 chromosome has an order of magnitude greater density of repeats than observed average 346 of the autosomes (two sample t--test: t10 = 37.4, p < 0.01; Table 2 ). There is currently no 347 comparable estimate for repeat content on the W. The W chromosome, however, stands out 348 when comparing chromosomes by the number of inversions per base pair (Table 2) . We 349 observe one inversion fixed for every 2.5 Mb on the W, which is over twice as many as on 350 the Z chromosome or the closest autosome TGU5 (both one for every 5.7 Mb). 351
The fixation rate for inversions is on average 3.3× higher in the three continental 352 than the two island clades (t--test: t3 = 16.9, p < 0.01) and is significantly correlated with the 353 proportion of species within clades that have continental distributions (N =5, r = 0.99, p < 16 0.001). Continental taxa have on average larger ranges and a higher percentage of 355 sympatric species than island taxa (Figures S1--S5). Both average range size (N =5, r = 0.91, 356 one--tailed p = 0.02; Figure 2 ) and proportion of sympatric pairs (N = 5, r = 0.92, one--tailed 357 p = 0.01) are significantly correlated with inversion fixation rate. In a multiple regression 358 on inversion fixation rate, the partial regression coefficients of range size and proportion of 359 sympatric pairs are both significant (range size: p = 0.042; proportion sympatric: p = 360 0.037), suggesting that both contribute independently. 361
Analyses conducted using inversion fixation rate alternatively defined as the 362 number of inversions within each clade divided by the number of nodes in that clade 363 yielded results similar to those reported above, but they were not as strong and not 364 significant at the P < 0.05 level. Chaudhuri 1976; Prasad and Patnaik 1977; Christidis 1983; 1986a; 1986b; 1987) . We 370 found these inversions have accumulated disproportionately on the sex chromosomes and 371 are much more common within continentally distributed clades, which tend to have larger 372 ranges and a higher proportion of sympatric species. Assuming range size correlates with 373 population size, this is not in accord with the expectations for the fixation of 374 underdominant or deleterious rearrangements because these processes should be 375 independent of (Lande 1979; 1985; Walsh 1982; Spirito 1998) We find that degree of sympatry between species is positively associated with the 396 rate of inversion accumulation, even after range size is accounted for, which may be 397 expected if gene flow between incipient species has contributed to inversion fixation, as in 398 models where rearrangements that capture locally adapted alleles are favored (Kirkpatrick 399 and Barton 2006; Feder et al. 2011). We first consider the genomic distribution of 400 inversions and then the demographic and geographic context of inversion fixation. 401
We find mixed support for the idea that mutational input has influenced the 402 genomic distribution of chromosome inversions. Chromosome breakpoints are often 403 located within regions that are repeat dense and this appears to be supported by the 404 enrichment of inversions we observe on the sex chromosomes. The repeat content of the Z 405 chromosome is an order of magnitude greater than the autosomal average and has the 406 greatest number of inversions fixed of any chromosome -perhaps suggesting the Z has a 407 greater structural mutation rate. While we do not know the repeat density of the W 408 chromosome, it is believed to be repeat rich due to the reduced power of selection for 409 have yet to be properly examined in birds. Regarding the relative rate of inversion fixation, 449 because Z--linked genes diverge in function more rapidly than autosomal genes, at any point 450 in time before reproductive isolation is complete an inversion on the Z chromosome should 451 be more likely to capture two or more alleles locally adapted-either to that population's 452 habitat or genomic background-than an inversion on an autosome. Thus, inversions on 453 the Z may be more strongly selected for if gene flow is an important mechanism driving 454 their selective advantage. 455
The W chromosome has more inversions per Mb than any other chromosome we 456 consider and a fixation rate strongly correlated with range size (r = 0.84, p = 0.038). This is 457 surprising as much of the W is devoid of genic content (in the chicken, of the 1,000 active Under positive selection, the fixation rate is 2N s, where N is population size, is the 461 mutation rate, and s the selective advantage of the heterozygote (Haldane 1927; Peischl 462 and Kirkpatrick 2012). This formula assumes that variance in family size is Poisson. Among 463 the three parameters (N, , and s) , and s may help explain the W chromosome's relatively 464 high fixation rate. We can dismiss an explanation based solely on N, as the population size 465 of the W is ¼ that of the autosomes, which should result in a lower fixation rate. While the 466 W chromosome's mutation rate at the nucleotide level is estimated to be significantly lower 467 than on the autosomes, due to its female--restricted mechanism of germ--line transmission While the idea that the high number of inversions on the W is due to its repeat density is 471 plausible, chromosome breakpoints are also more often to be found located in areas that 472 have high recombination rates and a high GC content-both of which are lower on the W inversions have a greater selective advantage than on the autosomes but rather because 477 the costs of structural rearrangements on the W are reduced. 478
Species ranges are on average 3.6× larger in continental versus island chain clades 479 and this difference is matched by a 3.3× faster rate of inversion fixation. Adaptive models 480 predict this association, but models where drift operates on structurally underdominant 481 deleterious rearrangements do not (Lande 1979; 1985) . The usual explanation for the 482 correlation of population size with fixation rate is that the number of rearrangements (or 483 mutations) arising each generation positively correlates with population size (Kimura 484 1962; Whitlock et al. 2004 ). However, our analyses across chromosomes based on physical 485 and map size, as described above, argue for an important role for selection beyond raw 486 mutational input. Besides coming into contact more regularly, enabling gene flow that 487 promotes the spread of inversions in adaptive models, species on continents with larger 488 ranges are also more likely to encompass a wider variety of landscapes and climates across (Castiglia 2014). One hypothesis, as stated above, is that sympatry reflects historical gene 511 flow between partially reproductively isolated populations that promoted the fixation of 512 these inversions. An alternative is that the greater number of inversion differences 513 observed between sympatric, relative to allopatric, sister taxa occurs because incipient 23 species are more likely to fuse upon secondary contact when they share karyotype 515 structure (Noor et al. 2001; Rieseberg et al. 2001) . Previous studies of the phylogeographic 516 context of rearrangement evolution have not evaluated these alternatives (Ayala and 517 Coluzzi 2005; Kandul et al. 2007; Castiglia 2014) . If rearrangements accumulate at a 518 constant rate, and incipient species that differ by chromosome rearrangements are far 519 more likely to persist upon secondary contact than those that differ not, then the extent of 520 karyotypic differentiation between sympatric taxa should comprise the upper end of the 521 distribution of karyotypic differentiation between allopatric ones. We do not observe this 522 pattern in the Estrildid finches. Species pairs from island clades, which contain 523 predominately allopatric taxa, have significantly fewer inversions than species pairs from 524 continental clades, which consist of predominately sympatric taxa, regardless of the age of 525 species compared. However, this is confounded with population size. Future examination 526 into the extent of karyotype differentiation between allopatric sister taxa on continents 527 (e.g. the firetails of southwestern and southeastern Australia, gen. Stagonopleura), 528 sympatric sister taxa on islands (e.g. the munia species complex of Papua New Guinea, gen. 529 Lonchura), and active speciation in hybrid zones should elucidate the extent to which gene 530 flow facilitates inversion fixation more explicitly. 531
We conclude that karyotype structure across the Estrildid finches is highly variable 532 and appears to evolve rapidly under certain demographic and geographic conditions. 533
Considering that karyotype divergence has been considered unimportant to avian 534 diversification (Ellegren 2010) , one question is whether the Estrildid finches are 535 representative of or an exception to the avian rule. In Table 3 we summarized the past 40+ 536 years of cytological research in songbirds, the avian order comprising 45% of all bird 24 species, which suggests that chromosome inversions, while variable in number between 538 families, are a pervasive feature of karyotype evolution in songbirds and often involve the 539 sex chromosomes (considering data from 351 taxa across 56 families, see Tables 3 and S6) . 540
The upshot appears to be that the Estrildidae are not an exception so much in terms of the 541 raw variation in genomic structure between species as they are an exception with respect 542 to the breadth and intensity of taxa so far examined, likely because many Estrildid species 543 are available from aviculture stocks. Our results suggest that alterations of genomic 544 structure may be as important to bird speciation as has been proposed for other better--545 studied taxa (reviewed in Hoffmann and Rieseberg 2008; Faria and Navarro 2010). That 546 karyotype evolution by chromosome inversion might be a common feature of avian 547 diversification is an exciting prospect for speciation studies and one that should serve to 548 stimulate future research into the extent of genomic rearrangement between species and 549 the evolutionary context in which these changes occur. anonymous reviewers for their advice and assistance with analyses. We declare no conflict 554 of interest for either of the authors in the publication of this paper. 555 829 *Proportion sympatric is the proportion of all pairs of species within each clade that overlapped in range more than 15%. 830 Table S6 for a complete dataset listing taxa examined and references). 842 Pearson's correlation: r = 0.91, p = 0.02. Continental Estrildid clades are colored in red and 859 island chain clades in blue. Clades are arranged from left to right (following Table 1 
